A lthough chondrosarcoma is the third most frequent primary malignancy of bone after myeloma and osteosarcoma, 7 skull base chondrosarcomas (SBCSs) are rare, accounting for only approximately 1% of all chondrosarcomas. 6 In France, intracranial chondrosarcomas account for 0.05% of all brain tumors, 21 and together with chordoma, they account for 0.09% of central nervous system tumors in the United States.
and genetic differences between these 2 subtypes reflect the different pathways of tumorigenesis. 27 In particular, somatic mutations in the IDH1 or IDH2 genes (IDH1/2) have been identified as early events in the development of central chondrosarcomas, whereas such mutations are not detected in peripheral chondrosarcomas. 2 Clarification of the genetic characteristics of SBCSs will be valuable, because it may provide insights into the tumorigenic pathways of SBCSs and be useful in distinguishing SBCSs and chordomas of the skull base.
In the present study, we analyzed chromosomal copy number alterations (CNAs) in 7 cases of SBCS using comparative genomic hybridization (CGH). To the best of our knowledge, this is the first case series of whole-genome analysis of SBCSs. We also investigated IDH1/2 mutations and brachyury expression in these cases and present the comprehensive genetic characteristics of SBCSs in contrast with those of chordomas.
methods tumor samples
Formalin-fixed, paraffin-embedded tumor samples that were resected from 7 patients with SBCS at Keio University Hospital from 1997 to 2010 were used. Histological diagnosis of chondrosarcomas was achieved using H & Estained sections. Immunohistochemistry for cytokeratin (AE1/AE3) and EMA were performed for cases in which chordomas were difficult to distinguish, and negativity for these markers confirmed the diagnosis of chondrosarcoma. The tumors were graded (Grades I-III) according to the WHO classification. 7 For comparison, 10 cases of skull base chordoma resected at our hospital with typical histopathological findings were also analyzed. Clinical follow-up data were available for all patients from whom samples had been collected. This work was approved by the institutional review board of Keio University Hospital.
cgh
CGH analysis was performed according to a previously described protocol. 12 Briefly, tumor DNA was extracted from microdissected pieces of formalin-fixed, paraffinembedded tissue, and it was amplified using degenerate oligonucleotide primed-polymerase chain reaction (DOP-PCR). During tissue microdissection, consecutive H & Estained sections were inspected, and nonneoplastic tissue was stringently excluded. Tumor DNA was labeled using DOP-PCR with digoxigenin (DIG)-11-dUTP (Roche); reference DNA was amplified from 50 ng of normal female DNA and labeled with biotin-dUTP (Roche). The probe mixture was denatured and hybridized to normal metaphase spreads (Vysis). After removal of unhybridized probes by washing, the metaphase spread was incubated with fluorescein isothiocyanate-conjugated anti-DIG antibody (Roche) and rhodamine-conjugated avidin (Roche). These preparations were then washed again and counterstained with 4,6-diamino-2-phenylinodole (DAPI) in antifade solution. Red, green, and blue images were acquired and fluorescence intensity ratios along chromosomes were quantitated using a CytoVision analysis system (Applied Imaging).
direct sequence of IDH1/2
Tumor DNA was extracted from microdissected pieces of formalin-fixed, paraffin-embedded tissue as mentioned above. Exon 4 of IDH1 and IDH2, which included codon 132 and 172, respectively, was amplified as described previously. 26, 28 After purification of the PCR products, sequence reactions were performed using a 3130xl Genetic Analyzer (Applied Biosystems).
immunohistochemistry for mib-1 and brachyury
Immunohistochemistry for MIB-1 and brachyury was performed on paraffin-embedded sections. After antigen retrieval by microwave irradiation, the sections were incubated with mouse monoclonal anti-Ki 67 antibody (MIB-1, 1:200; Dako) or rabbit anti-brachyury antibody (H210, 1:400; Santa Cruz Biotechnology). To quantify MIB-1-positive nuclei, staining indices were analyzed in more than 1000 tumor cells from more than 3 typical tumor areas. Brachyury expression was evaluated by 2 investigators, and samples were considered to be positive for brachyury when the nuclei were stained strongly and diffusely, as described previously. 13 
statistical analyses
The progression-free survival (PFS) was defined from the date of initial surgery until the first day of the treatment for recurrence or the last follow-up date. Statistical analysis was conducted using JMP (version 11.2.0, SAS Institute).
results clinical parameters and mib-1 index
All 7 cases of SBCS were in female patients with a median age of 50 years (range 21-77 years; Table 1 ). The median follow-up period was 83 months (range 8-132 months). Histologically, all cases were conventional chondrosarcomas ( The median MIB-1 index was 1.2% (range 0.0%-11.3%). Recurrence was observed in 5 cases (71.4%), and the median time from surgery to recurrence was 32 months (range 21-57 months). Gross-total tumor removal, defined by macroscopically complete resection, was performed in 2 cases (28.6%); subtotal removal, defined as resection of > 90% of the tumor, was achieved in 2 cases (28.6%); and partial removal, defined as resection of < 90% of the tumor, was achieved in 3 cases (42.9%). Postoperative irradiation was performed in 1 case.
cgh
CNAs were detected in 6 cases (85.7%; Table 1 and Fig.  2) . Gains of 8q21.1 and 19 were detected in 3 cases, and gains of 2q22-q32, 5qcen-q14, 8q21.2-q22, and 15qcen-q14 were detected in 2 cases. Among these, gains on chromosomes 2, 5, 8, and 15 were exclusively associated with Grade II tumors. There were no apparent correlations between the type of matrix and CNAs. Fig. 1D ). In contrast, all 10 chordoma specimens stained positive for brachyury (Fig. 1E) .
statistical analyses
The log-rank test demonstrated no significant correla- 
discussion
Several previous studies have reported whole-genome analyses of chondrosarcomas of extracranial sites (common locations) such as the long bones of the extremities, pelvis, and ribs. 9, 10, 15, 16, 19, 23 However, to the best of our knowledge, the present study offers the first case series of whole-genome analysis of a rare subset of chondrosarcomas arising in the skull base. The median patient age among our cases was slightly older than that in the largest case study (200 cases) of SBCS (50 vs 39 years, respectively). 22 The female predominance observed in our series is consistent with a previous report and a recent tumor registry. 21, 22 With respect to the 3-tiered histological grading of chondrosarcoma, our series included Grade I and II tumors and no Grade III tumors, which is also consistent with a previous study. 22 When compared with the MIB-1 index for skull base chordomas examined in our previous study, the median MIB-1 index for SBCSs was lower than that for chordomas (1.2% vs 4.2%).
14 Although results differ greatly among studies, frequent chromosomal alterations in extracranial chondrosarcomas include gains on 2p, 5p, 7, 8q, 14q, 19, 20, and 21q and losses on 4q, 6q, 9p, 13q, and 17p. 9, 10, 15, 16, 19, 23 In addition, 8q24.1-qter and 14q24-qter were correlated with shorter overall survival in patients with extracranial chondrosarcomas; 15 a loss of 6 and gain of 12q12 were associated with higher grade chondrosarcomas; 23 and losses of 5q14.2-q21.3, 6q16-q25.3, 9p24.2-p12, and 9p21.3 were associated with higher grade tumors. 10 In comparison with these data for extracranial cases, our series of SBCSs showed frequent gains of 8q21.1 and 19 in 3 of the 7 cases. Although the association of these CNAs with patients' prognoses was not clear possibly due to the small number of cases, the CNA profile for our SBCS specimens is similar to that for extracranial chondrosarcomas, suggesting the absence of distinct chromosomal alterations specific to the skull base localization of the tumors.
Somatic mutations in IDH1 and IDH2 have been rec- . 3 The present study showed a higher frequency of IDH1 mutations (5/7 cases, 71.4%) than that reported by Arai et al. and confirmed the absence of the mutations in skull base chordomas (0/10 cases). In the present study with skull base bone malignancy, presence of IDH1 mutations was associated with chondrosarcoma histopathology rather than chordoma with high sensitivity and specificity (71.4% and 100%, respectively). The most frequent IDH1 mutation detected in our study was R132S (C394A; 4/5 mutations, 80%), whereas R132C (C394T) was reportedly most common in both the skull base and extracranial chondrosarcomas. 2, 3, 27 Both R132S (C394A) and R132C (C394T) occur infrequently in glioma and AML. 11, 20 In fact, R132H (G395A), a preponderant mutation of IDH1 in diffuse gliomas (92.7%) and AML (47%), 11, 19 was not detected in our study. Because IDH1/2 mutations are considered to play a causal rather than bystander role in tumor development, differences in the sites of these mutations may have a biological significance as well as differences in the cellular origin of the tumors. Although the correlation between mutant IDH1 and patients' prognosis was not clear in the present study, further investigation with a large number of cases is warranted.
Because complex chromosomal abnormalities are found in both chondrosarcomas and chordomas, a precise comparison of CNAs appears to be difficult. We previously reported a whole-genome analysis of 37 skull base chordomas using the same methods (DOP-PCR/CGH) applied in the present study, 14 which enables us to reasonably compare the CGH data for SBCSs and chordomas of the skull base. In our previous report, 14 skull base chordomas frequently showed losses on 1p, 3p, 9, 10, 13q, 14q, and 18q and gains on 1q, 2p, 7, and17q, most of which were also reported by other researchers as major abnormalities in chordomas. 17, 24, 25 These CNAs were absent or only rarely observed in our SBCS series, implying that the profile of CNAs in SBCS is at least partially different from that in chordomas.
Therefore, the molecular and genetic characteristics of SBCSs in our series, including the pattern of CNAs, the high frequency of IDH1 mutations, and the constant negativity of IHC for brachyury, confirm that these tumors are molecularly consistent with a subset of conventional central chondrosarcomas and are in sharp contrast to chordomas, providing further support for distinct tumorigenic pathways for chondrosarcomas and chordomas arising in the bones of the skull base.
conclusions
We report the first comprehensive molecular and genetic profile of SBCS. The chromosomal alterations detected in SBCSs via CGH were similar to those reported for extracranial chondrosarcomas. Mutations in IDH1 were detected with a higher frequency than that reported previously. To more confidently distinguish SBCSs from chordomas in difficult cases, combined analysis of IDH1/2 sequencing and immunohistochemistry of brachyury may be helpful. 
